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SUMMARY

The performance of a bturbosupercharger turblne was measured
with three types of exhaust hood. The effectiveness of the turbine-
hood. combination was determined by measuring the turbine power and
the thrust of the Jet discharged from the hood at pressure iatios
acrogs the turbine and hood of 1.35, 1.7, and 2.0 for a range of
blade-to-jot speed ratios from 0.1 to 0.9. Compressed alr was used
as the driving fliuid.- ’ T

The results of these tegshts indicate that an exhaust hood should
have an inlet area equal to the bucket-annulus area of the turbine
and should be equipped with straightening vanes. A system of vanes,
the total chord of which was equal to the turbine pitch-line circum-
ference, achioved complete straightening of the flow. Losses due to
swirl were reduced, however, to about one-half their maximum by
straightening vanes with a total chord 0.175 times the turbine
pitch-line circumference. The flat-nozzle hood, which was designed
to guide the gas from the round bucket-annulus section Into a flat
duct, imposed no greater losses than the best conical hood. The
turning of high-velocity flow in a flat duct led to very large
losses., A conventional shorbt-turning~radiuves hood was found to give
largoer losses ‘than the vaned-conical and flat-nozzle hoods.

INTRODUCTION

When a turbosupsercharger is operated at rated speed on a recip-
rocating engine, the gases leave the turbine with an axial velocity
of about TOO feet per second. At an airas;eel of 375 miles per hour,
a jJet power equivalent to about 25 enzine horsenower is produced for
each pound of sexhaust gas discharged per sscand at 700 feet _per sec-
ond. This power is from 4.5 to 5.0 percent of the engine power T

delivered through the propeller. The desirability of so designing
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exhaust hoods that the bucket-leaving loss ls recovered (for example, -
for jet propulsion) ls obvious. Even with some types of inefficient ~ .
exhauss hood, an appreciable Jet power can be ¢btained by an increasse
In exhaust back preegsure but thls method of overatlion causes a loss
in engine vpowser and also in engine fuel economy. IFurthermore, the -
increased back pressure has an adverse effect on engine-operation S
limlts and on the power for turbine operation in cruising.

The importance cf providing efficlent exhaust hoods for turbine-
compresgor Joet-propulsion engines is even more obvious as all the
power of these units 1g provided by the discharge of the exhaust ges
from the turbine.

An ideal exhaust hood would rearwerdly direct the axial momentum
of the gas leaving the turblne without loss and would also rearwardly
redirect any tangential momentum. An Inefflcient exhaust hood might,
however, destroy the exlisting momentum and perhaps might require an
additional pressurs drop to discharge ths gases; or the hood might

increase the tangential womentum of the Jet at the expense of an . “
increased back rresstwre. Angular momentum remalning in the Jet after L
it is discharged from the hood is not useful for Jet propulsicn and .-
its existence may reduce the thrust obtalnable with a glven hood-exit -

ares and a glven mass flow. ' ’
Very little information is avallable on the perform&nce of —_— -

exhaust hoods for aircraft exhaust-gas turbines. Teste were performed

at the NACA Cleveland lsboratory to compare various hood designs to

find their effect on the turbine and hood performance on the basis of

the power avallable to ailrcraft in flight. Three general types of

hood were tested: conlcal hoods, a flat-mozzle hood, and a short-

turning-radius hood of aemicircular cross section. Successive modi- -

fications were made on the conical hood to determine the scurces of _

the various losses, The results of the tests are presente& a8 curves _ -

in terms of generslized parameters. i

SYMBOLS : . T - R ——

The following symbols are used in the report:

A area, (sqg in.)

¥ thrust, (1b)

g8 = acceleration of gravity, (32.2 ft/secz)' '
H  total pressure, (1b/sq in. absolute)
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M mass flow of air, (slugs/sec)
P turbine power, (ft-1b)/(sec)
static pressure, (1b/sq in. absolute) |
R gas constant for air, 53.35 (ft-1v)/(1b)(°R)
r radius, (in.)
T total temperature, (°R)
% static temperature, (°R)
u turbine-wheel pitch-line velocity, (ft/sec)

Ue veloc?ty of discharge calculated from continuity equatlan,
(£%/sec)

Uy effec?ive velocity of discharge as measured by thrust target,
(£t /sec)

v theoretical Jet velocity, (ft/sec) (computed for a drop in
pressure from turbine inlet static pressure to exhaust-hood
dilscharge total vressure)

¥ ratlo of specific heats of air, 1.400

n over-all turbine efficilency -

o density, (slugs/cu ft)

Subscripts:

1 gtation at turbine inlet

2 station at hood exit or at bucket exits when no hood was on
Turaine

METHODS OF CALCULATION oo

The losses in a turbine-exhaust hood are the sum of the losses
due to ekin friction, %o throttling, and to separation and swirl in
the air stream. An attempt was £irst made to estimate the losses 1n
the exhaugt hoods by & direct measurement of the pressures at the
entrance and the exit of the hood. Preliminary tests with hoods
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showed that the presgsures near the turbine wheel varied markedly
from place to place; an evaluation of the hood losses based on
thege measurements would therefore be insufficlently accurata.

A second attemnt to evaluate the data used an empirical relation
of turbine power, speed, and inlet pressure to estimate the bucket-
discharge pressure. Negatlve losses [for the hoods were sometimes
obtained from thls method, however, when no angular momentum could
»nog3ibly have been recovered, therefora, the method was abandoned
because the turbinse efficiencv was being influenced by the hood’
design,

Finelly all attempts at separation of hood losses and effocts
of the hoods on the turbine performance were sbandoned and the anal-
ysis of the test data was baged on & set of over-all turbine and hood
vorfoyinance parameters,

Porformance parameters. - In this report the performance of the
hoods im described by comparing the turbine power and mass flow pro-
duced at various wheel svpeeds for a range of values of the ratio of
the statlc pressure at the inlet of the turblne to the total pressure
at the hood exit. The static pregsure at the turblne Inlet wes
chosen as the upstream pressure becasuse the affect of sxhaust back
nressure on engine power ls usually based on static exhaust back
pressure., '

In order to generallze the results, the power and the mass Lflow

are represented by the factors P//(£1 q/gRTl> and (ﬁ w/gRT1>//pl,

which have the dimensions of area, and the wheel speed by the dimen-

glonless factor wu ﬁ/gR . The turbtne-hood performance paramaters
may be converted to efficisnoies (based on turbine inlet gtatic pres-
gure and hood-discharge total pressure) and to blede-~ to-Jet speed
ratios by the following equations;

L/ (svvE57)
(” VERTT) [ ;0

K
- fE

(1)

and

(2)

<
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where

1

z=1
vy11 - (?E?) 7Y
P

and XK &and K/2 have ths following values for the pressure
ratios used in the report:

2.0 . 1.590 0.892 o
1.7 2,003 1.001 R
1.35 3.477 1.318

For most of the hoods, the discharge velocity and the static
pressure were not uniform at the hood exit, Because the hood of a
turbosuperchargerr or other alrcraft turbine ie intended to generatd ~
thrust, the velocity of greatest ubtllity 1s the average or effec-
tive Jet velocity u, defined as the ratio of gross Jet thrust to
mass flow. The Jet thrust was therefore measured directly by a
thrust target.

The ratio of the effective Jet veloclity wuy to the average

hood~discharge velocity u, calculated on the basis of the conti-
nulty equation. u, = MZ/pEA.2 is also showm for each hood. This

veloclty ratio is given by the equation.

Uy . Polouy,
et (3)
2P M

The density ps was calculated wlth the assumption that the pres-
sure was constant and equal to the static pressure measured at the

hood exit., All of the velocity components except the average axlal

velocity u, were neglected in calculating Po. When the velocity

is constant across the kood exit and in an axial dirsction, the
ratio  uy/us is unity. A value of this ratio other than unity indi-

cates nonumniformlty of the Jot veloclty or of the static pressure.



6 : NACA TIT No., 1149

The following equation, based on an assumed lgentrovic conver-
gion of veloclty energy Lo pressure energy and or the neglect of
keat losges or gains in the hood, was used to calculate the hood—
disclisrge total pressure  H,

y-1
(@)7 R (4)
Po 2

The neglect of heat losges or gains in the hood in equation (4) isg
ghowa In appendix A to have a negligible effect on the valus of the
over-all pressure ratLo required for a given turbine npower and wheel
gneed,

Turbine calibration. - As a convenient standard of comparison,
the nerformance of the turbine without = hood was measured. The
turbine exbausted directly to the atmosphere. The performance wag

»lotted in terms of the factors P/A/pl N/ ) (M +/GRT //Pl:

and u/QﬁsRTl, with the difference that the progsure ratio in thie
cage w28 the ratlo of the static pressure at the turbine inlet to

the total pressure at the bucket-exit annulus. This performance
should be close to the maximum performance obtainable because the
discharge nressure is credited with the axial veloclty component ab
the bucket exit and no hood losses occurred. Thaeoretically, higher
performance can be obtained with some hoods at blade-~to-Jet speed
ratios where gwlrl otcurs because the hoods way recover some of the
tangentlal veloclty. A hood may alsa Increase the turbine efficlency
proper by reduclng leaksge past the bucket tips,

Equation {5) as derived in appendix B is used %o calculate the
total pressure at the bucket-exit annulus. - The total pressure 1s
based on the bucket-discharge gtatic pressure and the average axlal
commonent aof veloclty of the flow from the buckets.

[ - Tt
/4 PA\Z . -
P A A - 4 P
B \/*I'"IM/HJ'lgRTl Mo, 2 (5)
Pp [ DAL E
2\7-1 M)

Iy
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where ps 1is the average bucket-discharge statlc pressure, as the
turbine had no hood, and A, is the bucket-annulus arsa. A value
of 41.5 square inches was used for the bucket-annulus area.
Effect of humidity on demsity and available energy. - In these

tests the working fiuid was air at a temperature of about 80° F. At

igh pressure ratios the work abstraction was sufficient to cool the
air below ite dew point and occasionally below the freezing point.
Visual observation of the wake of the turbine with the hoods removed
showed that no visible condensation occurred in the alir stream until
after the flow left the buckets, altbough in a few casés a slight
amount of frost was seen on the turbine buckets. These observations
indicate that 1little or no energy was liberated by condensation while
the air was in the turbine and that the turbine power was therefore
not affected by condensation. o

Condensation did occur in the hocds. The method of anslysis of
the test data is shown in appendix A to permit neglect of condensa-
tion except in the calculation of the density of the gas at the hood
exit. This calculetion was based on the assumption that, between the
turbine and the hood exit, the mixture attained the equilibrium con-
dition at which the air is saturated with moieture. The method used
to calculate the density of the wet alr and the corresponding correc-
tlon to the velocity is described in appendix C, ’

APPARATUS AND TESTS S

The exhaust hoods were tested with a single-stage impulse tur-
bine having a wheel pitch-line diameter of 11.0 inches and a cast
nozzle diaphragm. The nozzle angle was 220, the nozzle area was
10.3 square inches, and the bucket height was 1,20 inches. A sche-
matic diasgrasm of the test setup with a conical hood is shown in fig-
ure 1. The turbine was driven by compressed alr at a temperature
of gbout 80° ¥ and the power was absorbed by a high-speed hydraulic
dynamometer. The air supply was provided by an 8-inch pipe with a
traneition to an elliptical section at the turbine entrance having
an area equivalent to a 6-inch diareter pipe. An A.S.M,E, thin-
plate orifice was installed in the air-supply pipe upstream of the
alr-flow control valve. -

The air was dlscharged from the hood into the thrust target,
which 1in turn discharged to the atmosphere. The pressure drop
through the target never exceeded 4 inches of water. The target is
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gimilar to that described in refersnce 1. The thrust, or reactiom
of turning the alr through an aagle of 90° was measured by a bean
gcale, The target consisgts. of a sleeve closed at one end and mounted
to nivot about an akis at right angles to the direction.of discharge
T the alr from the sleeve. The sleeve wes mounted inside a tank.
The air entered the sleevz through 8 hole near the closed end and was
turned through an angls of 90°. When the axis of suppcrt of ths
sleeve 18 normal %o the directlon of the flow of the air as 1t enters
the target, the momert of mamentim produced ie sgual to the product
of the momentum of tke air stream times its mean distanco from the
supporting axis. The distence from the center of the entering air
gtreem to the axis of eupport of the sleeve and the lengtk of the
roaction arm are squal; the scale therefore reads the jet thrust.

Calibration of thruat target. - The thrust target was calibrated
by measuring the reacticn of an air Jet flowing axlally from & noz-
zle. The thrust of the ailr Jet was determined by maklng a wake sur-
vey of the nozzle, A comperigon of the Jet thrust as measured by the
target and by the nozzle wake survey is shown in figure 2. The dif-
ferences are samall,

Turbine calibration. - Tke turbine first was calibrated as a
reference using a falring post to stablize the alr flow from the
vheel. (See fig. 3.) The static npressure at the wheel exit was
asgumed to be the average of the pressurs. meagured on the fairing
nogt and the barometrlc pressure.

Typed of hood. - The types of hood tested were:

1. Conical hood with the following modifications:
(a) Long-chord straightening vanes and wheel Ffairing (fig. 4(a))

(b) Long~chord vanes, wheel fairing, and hood-entrance fairing
band (fig. 5(a))

(c) Wheel falring supported by 3/8-inch tubes (fig. 6(a))
(4) Plain donlcal hood (fig. T(a)) oL

(e} Flat cooling cap and short-chord straighteﬁing vanse
(fig. 8(a))

(f) Flat cooling cap supported by 3/8-inch tubes (fig. 9(a))

(g) Conventional cooling cap (fig. 10(a))
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2. Flat-nozzle hood with two extensions:
(a) Straight extension (fig. 1l(a))

(b) 90° bend extension (fig. 12(a))

3. Short-turning-radius hood (fig. 13(a))

The hood-exit areas of types 1, 2, and 3 were 29.0, 43.5, and
55.4 square lnches, respeutlvely. -

Measurements. - The following measurements were made:

Turbine inlet static pressure S
Turbine inlet total temperaturs
Alr flow
Turbine-vheel speed . ) el
Turbine torgue _ —
Thrust
Hood~discharge static pressure
Static pressure on wheel fairing post (measursd only during
turbine calibration)
RESULTS AND DISCUSSION
The calibration of the turbine with the wheel falring poet is
ghown: in figure 3. Figure 3(a) shows a diagram of the wheel and the
fairing post; figure 3(b) shows the power factor and mass-flow fac-
tor for the turbine. The ratio of the blade speed to the theoretical

Jjet epesd u/v baged on the over-all pressure ratio pl/EZ is shown
for reference.

Coniceal Hoods

Conical hood with long-chord siralghtening vanes and wheel
Tairing. - The performance characteristica of the turbine and hood
with & conloal wheel fairing and two long-chord straightening vanes
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are shown in figure 4. A drawing of the hood is shown in figure 4(a).
The power and maseg-flow factors are shown in figure 4(b).

At a nregsure ratic of 1.35, the turbine power wilth the hood is
equzl to the turbine power measured during the turbins calibration
but the mass flow is slightly reduced (fig. 3(b}). As compured with
the turbine callbration the over-all efficiemcy computed from egua~
tion (1) is increased gbout 1.4 noints (from 68.4 to 62.8 percent).
At a pressure ratio of 1.7, the turbine powsr and msse-{low factors
are egual to those measvred during the turtine calibration except at
very high wheel speeds. Then the mass flow and power are raduced,
anparently because of learge hood lossges. The over-all turbine-hood
efficiency is lower than that for the tvrbine calivration in this
high~wheel-speed region., At a pressure ratio of 2.0, a loss in powsr
occurs a8 compared with the twrbine calibration (fig. 3(b)), with
the hood corresponding to sabout 2 peoints of turbine efficlency.

The ratio of the effective hood-discharge velocity 1w, (as
measured by the thrust target) to the hood-discharge velocity ug
calculated from the continulty eguation is shown in flgure 4(c).
The value of this ratio is substantialliy constant over the turbine-
speed range and nesrly equal to unity in agreement with the obser-
vation, made with the target removed, that the flow fram the hood
was substantially axisl and uniform at all times.

The jet veloclty calculated from the continuity equation may
differ from the effective velocity for two reasons: (a) When the
average pressure in the hood exit 1s egual to thé discharge pressurs
meggured at the rim of the hood, the velocity calculated from the
continuity equation will be less than the effective velocity if the
velocity profile is not flat; (b) if the veloclty components are not
parallel to the axis of the hcod, the static pressure is not uniform
and, in goneral, the average pressure is not equal to the dlscharge
presgure. In this case the calculated velocity ug may not equal uy
because u, is based om the thrust-target measurement, which includes
the integrated effect of the pressure variatlon, whereas the calcu~
lated value u, 1s the axial component of ounly the velocity. The

effective velocity uy can be greater or less than the calculated
velocity u, depending on whether the average static pressure 1s

greater or less than the free-ailr sftatic Yressure Do ‘at the hood
exit,

The values of uy/u, in figure 4(c) less than unity are thus

probably due to the existence of low-pressure areas in the hood
exit. '
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Conical hood with long-chord straightening vanes, wheel fairing,
ard bhood entrance fairing band, - The previously menticned conical

hood (fia. 4(a)) did not provide a smooth and close-fitting entrance
for the passage of air from the bucketse to thke hood. In order to
determine ths possibility of rsducing the losses in this regiom,
teste were run with g fairing band installed in the hood entrance,
(See fig, 5(a).) Tuis fairing band made the hood-entrance area equal
to the bucket-annulus area, -

The nower and the maga flow obtained with this hood are shown
in figure 5(b). The principal effect of the fairing was to increase
the power at every point, The improvement attained is eguivalent to
abcut 1 pnoint in bturbine efficiency. Tke velocity ratioc um/ﬁc 18
ghown in figure 5(c)., The variation is similar to that of the vaned - -
conical hood without the fairing band (fig. 4(c)).

Conical hood with wheel fairing supported by 3/8-inch diameter
tubes, - In order to determine the value of streightening vanes in
conical hoods, tests were run with & conical hood (fig. 6(a)) sim- -
ilar to the vered conical hood, figure 4(a), except that nd strailght-
ening vanocs were used. The wheel failring was supported by six .
3/e-inch~diameter tubes. ’ T -

The power end mass-flow factors Tor this hood are showvn in
Tigure 6(b), At wheel speeds equivalent to a blade-to-jet speed
ratio of apmroximately G.4, the powsr obtalned is only slightly less
than the power for the vaned hood with the entrance fairing band.

The loss at much higher or lower wheel speeds was very great. No
recovery of tangential momentum wse obtained tmder any candition.

The —mressure loss was so great that the turbine could not be operated
at a rotative smneed appreciably greater than that for axial flow from
the buckets., Axial flow occurs at a wheel speed approximately

10 percent lower than the wheel apsed for maximm power oubtput with
the efficient hoods such as the vaned conlcal hooda (figs. 4(b)

and 5(b)).

The high loss of nower was Gue to swirl in the hood. When an
aporeciable swirl exists at the bucket exit, the tangential velocity
at the hood exlt must be very large to maintain the conservation of
angular momentum, becauvge tine diameter of the hood exit is much
sualler than the pltch-line diameter of the turbine wheel, The pro-
duction of this tangential velocity requires a large drov in static
nreasure. Any wnressure dron used o produce tangential velocity 1s
wagted because angular momentim is not useful for Jjet propulsion. T =
The total hood-discharge vrassure is defined as the pressure that
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would produce the effective axial velocity Uy. The power of tur-
bines with veneless hoods for a constant ratic of the inlet static
pressure to total hood-discharge pressure is therefore unusually low
wvhen an appreclable part of the avallable pressure drop 1s expended
in the gemeration of increased ewirl. The long-chord straightening
vanes in the conical hodd (figs. 4(a) and 5(a)) prevented the growth
of swirl,

Losses due to swirl in the vaneless conical hood ars more
serious for wheel sveeds greater than those for axial flow than for
wheel gpaeds less than those for akxial flow. The preseure loss is
principally dstermined By the amount of swirl. The hood losses
increase the Ducket-discharge pressure and thus reduce the speed of
the Jet apyroaching the hturbine buckets, increase the actual blade-
to-Jet speed ratia, and decreage the avallable turbine power. Yhen
the wheel speed is increased above.the wheel speed for axial flow,
the ectual blade-to-Jet speed ratio and therefore the swirl and the
logges rapidly increase because the Jet spsed decreases ag the whesl
speed Ing¢reases. When the wheel speed is decreaged below the wheel
sneed for axial flow, the swirl and the losses increase less repldly
then in the previous case because the true Jet speed is decreased asg
tne wheel spsed ie decreased and the true blade—to Jjet speed ratio
therefore changes lese rapidly,

The variation of the velacity ratio um/hc with blade-to-Jet
spoed ratio u/v 1is shown in figure 6(c). For nearly axial flow
(u/v approximately equal to 0.35 to 0.40), the velocity ratic is
nearly unity or equel to that for the vaned conical hood. When
the blade-to-Jet speed ratio is slightly lower or. higher than that
Tor axial flow, the veloclty ratio is decreased becausge af thse
swirl thet exists im the Hood. When swirl is present, a radial
pregsure gradient exista across the exit sectlon of the hood. .
When the amount of swirl ls emall the Jet completely fills the
nozzle; the true axial velocity of the Jet is increased hy the
presence of the low-pressure low-density region near the axis af
the nozzle. The momentum of the air discharged from the hood is,
however, decreased because mamentum can be evaluated only as
though each element of the fluild has been brought to atmospheric
pressure by a suitable change in its axlal veloclty. The effec~
tive velocity of the central filaments is therefore small because
the pressure is low near the axis of the nozzle. '

As the amount of swirl is increased the velocify ratio Uy /e

decreases to a minimum and then increases rapidly. This rapid
increase in uy/u, is caused by the formation of an annular jet

with a sbagnant core wlthin the nozzle. Because thse flow area 1is
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decreascd by the presence of the stagnant core the axisl velocity
ig increased., In addition, when the Jjet is hollow the inner edge
is substantially at atmospheric pressure end the average pressure
of the Jet is increased by the swirl, which causes a further
increage in the effective jet veloclty.

Plain conicel hocd. - It had been suggested that wheel falrings
and cooling caps had negligible effects on the flow through the
bood. of a turbosupercharger., A hood consisting of only the outer
cowling (fig. T(a)) therefore wrs tested. The turbine power and
mass-flow factors are shown in figure T7(b). The turbine power was
slightly reduced at every point as compared with the vaneless coni-
cal hood with the wheel fairing (fig. 6(b)). The power loss was
lerge comparsd with the losses of the hoods with atralghtening vanes
(figs. 4(b) and S(b)) excert for nearly axial flow. The net loss
for axial flow corresponds to a loss of from 2 to 3 pointas in tur-
bine efficilency compared with the conical hood with the long-chord
strelghtening vanes and entrance falring band.

The varistion of the velocity ratic u_m/uC with blade-to-Jjet
gveed ratio u/v for this hood, shown in figure 7{c), is similar
to that for the conical hood with the wheel fairing (fig. 6(c)).

A wake survey was made of the flow from this hood in order to
check the accuracy of the thrust-target measurements when the flow
has an apprecisble swirl, The results of these measurements, taken
at a turbine-hood pressure ratio pl/Hq of 1.35, are shown in
figure 7(d), The dashed curves are taken from figures T(b) and 7(c)
for a pressure ratio of 1.35 L _

The agreement between the results obtained with the thrust
target and by means of the wake survey is good except for one point
at the highest wheel speed of the survey, for which the mass flow
and the thrust calculated from the waske survey wors appreclably less
then those measured with the target in place. The mass flow calcu-
lated from the wake survey was 11 percent lower than the mass flow
meagured with the A.S.M.E. thin-plate orifice during the wake survey.
A considersble error is apparently introduced into the wake-survey
measurements when the tangential velocity is large es compared with
the axial velocity. A method of evaluation of the wake survey of a
flow with swlirl about the axis of symmetry is dlscussed in appendix D.

Conical hood with flat cooling cap and short-chord straightening
vanes. - A flat cooling cep was installed in the entrance of the con-
ical hood immediately behind the turbine wheel and was supported by
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three short-chord streamline struts (fig. 8(a)). The chord of each r
strut ig 2.0 inches. The turbine power for this arrangement is . .
gshown in figure 8(b). As compared with the vaneless hood with mno
cwoling cap (fig. 7(e)), the mower was mich greater especially at
high wheel speeds. The power was always less than the power obtained
with the long-chord straightening-vaned hood (fig. 5/b)). A part of
this loss was widoubtedly throttling loss due to the chanse in ares
immediately behind the cooling cap. T

Variation of the-ratio of the effectlve hood-discharge veloclty
to the calculated hood-discharge veloclty /u with blade-to- jeot
speed ratio u/v is shown in figure 8(c). This figure shows evi-
dence of existence of a canslderable swirl in the Jet, when compared
with the same ratios far the hood with the long-chord straightening
vanes (fig. 4(c)). The rate of reduction of the velocity ratio
um/uc, as the wheel speed is changed from that for axlal flow, is
much less than that obtained with the vaneless conical hood with or
without a wheel fairing (figs. 6(c) and T{c)) indicating that an . . »
anpreciable astraightening of the flow had been achieved by the three .
ghort-chord venes. ' - =

Coniocal hood with flat cqooling cap supported by 3/8-inch tubes. -
In orderr to distinluish between the straighteming effect of the small .
streamlined struts and anyr effects directly attributable to the pres- ‘
ence of the flat cooling cap, 3/8-inch- diameter tubes wore substituted
for the short~-chord, streamllned gtruts, (See fig. 9(a).) Tho
turbine~npower factor for this condition is shown in figure 9(b).
The losses are equal to those for the vaneless conlcal hood with no
cooling cap (fig. 7(b)). The small streamlined struts previously
used to support the cooling cap therefore anparently effected an
appreciable reductioti in swirl; whoreas the round struts had no -
notliceable effect.

The variation of the veloclty ratio um/u with blade-to- jet
speed ratio u/v, shown in figure 9(c), is simlla to that for the
vaneless conical hood. CT - -

A commarison of figures 6, 7, 8, and 9 with figure S shows that
maximue power and therefore maximum efficiency were normally obtailned
at a wheoel amneed somewhat greater than that for axjal flow from the _ -
turbine bhucksts. -

Conical hood with conventional cocoling can., ~ The turbine power
for the conical hood with a conventional coocllng cap (fig. 10(a)) is
shown in figure 10(b). The los8 of powér 15 greater than that for v
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the flat cooling can supported by three short-chord vanes (fig. 8)
under all conditions, The maximum over-all efficiency ig decreassd
shout 3 o 4 points as compmared with the increases in efficlency
given by the hoods of figures 4(b) and 5(b). Although some straight-
ening of the flow was attained with the elliptical vanes, the venes
were either too large in diamebter or too peorly streamlined to pro-
vide a flow path with low average resistance,

The variation of the velocity ratio um,/uC with blade-~to- jet
sneed ratio u/v shown in figure 10(c) is similar to that for the
conical hood with the short-chord struts (fig. 8(c)). The formation
of a pronounced hollow-cored Jet from the hood did not occur with
either the short-chord streanlined vanes or with the conventional
cooling cap as svidenced by the fact that the veloecity ratio did not
tend to rise at the high and low blade-to- Jet speed rastios, This
behavior indicates that the flow remained more nedrly uniform than
in the case of the vaneless hood (fig. T(c)).

Flat-Nozzle Hoods

The flat-nozzle hood (figs. 11(a) and 11.(b)) was so designed
that the entrance area was equal to the bucket-annulus area. It
wes also designed to bring the gas Trom the round annulus section
into a flat duct. The flow passages midwey between the straightening
vanes were chosen to give minimum friction and turning losses. The
air flowing from the wheel near the vanes followed & nearly straight
natn when the flow from the buckets was in an axlal directich.

Flat-rozzle hood with stralght extension. - The turbine power
and nass-Tlow factors for the flat-nozzle hood with a straight
extension are shown in figure 11(b). The marimum nower outnut was
slishtly less than that of the turbine with the beat conlcal hood
(fig. 5) compared at the same pressure ratios.

The flat-nozzle hood, however, reduced the mass flow enough
that the over-all efficiency was sbout 1 peint higher than that for
thie best conical hood at a pressure ratic of £2.0. At the pressure
ratios of 1.35 and 1.7 the efficiency was equal to that For the best
conical hood (fig. 5(b)).

The veloclty ratio um/uc for the flat hood with the straight
extension is shown in figure 1l1l{(c). The velocity ratio was greater
than uaity for all conditions, indicating that the flow was always
nonuniform. Observation of the flow with the thrust target removed
showed a dlstinct nonuniformity of the flow for all pressure ratios
and wheel speeds.
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Flat-nozzle hood witih 909 bend extension, - A SO° bend exten-
sion with the radius of curvature of the bend equal to the width of
the hood extension was teated with the flat-nozzle hood. (See
fig. 12(a).) The power and mass-flow factors for this hood and
extension are shown in figure 12(b). At the pressure ratios of 1.35
and 1.7, the power Tfactor for the 90° bend extension is nearly equal
to that for the straight extension. At the pressure ratio of 2.0, a
gerious loss occurs. The velocity uny/u; for the flat-nozzle hood
with 90° bend is shown in figure 12{(c). The high peak of this ratio
and the poor oveir-all performanse of thia hood at a pressure ratlo
of 2.0 are probably the result of the formetion of a stable systen
of' shock waves at the dowmsitream end of the bhend.

Short-Turning-Radius Hood,

A sketch of the conventional short-turning-radius hocd 1s
shown in figure 13(a). The power and mess-flow factors for this
hood ave ghown in figure 13(b). The maximum power factor of this
turbine-hood combination is about 11.5 percent lower thkan the power
factor i'or the conicel hood witn long-chord streightening vanes and
hood-entrance fairing bend (fig. 5).

The power and masg-flow factors for this hood decrease less
rapldly as the turbine apeed increases above the wheel speed for
axial flow than for the conical hoods, which indicates that the
short-turning-radius hood 1ls able to recover a part of the residual
swirl under some corditions,.

The velocity ratio wy/u, for the short-turning-rediue hood
is shown in figure 13(c). The velocity ratio shcws a pronounced
rise at high wheel speeds.

Comparison of Performance of Various Hoods by

Means of Turbine Torgue Coefficient

Turbine data may conveniently be represented by a plot of the
torgue coefficlient

B B
2(u/v)

<ig

bl



HACA TN No. 1149 17

agalrst the wheel-speed parameter 11/4@£T1 or the blade~to-jJot
speed ratio ufv. At a fixed value of wufv, or of u/,&RTy, 'the

changes In the torgue coelficient are provortional to changes in

the efficiency. DRBecause the efficlency is dlvided by u/g the
torque cosfficient varries more rapidly with losses than does the
efficiency. The usual method of plotting efficiency or power against
wheel speed u or against wu/v tends to mask the effect of losses
in the region of low wheel speeds and to enlarge them at high wheel
gpeeds,

The —relatlon between torque coefficient and the wheel-speed
varameter at a pressure ratio of 2.0 ls shown in figuwe 14 for the
turbine without a hood and for the hoods described in figures 5,

6, 8, 11, and 13. The difference in the values of torque coefficient
1c‘or tne several exhaust configwrations 1s an indication of the dif-
Terences in sfficiency.

Tie three short-chord streamlined struts (baving a solidity of
0.175, where solidity is defined as the total chord length divided
by the turbine pitch-line circumference) effected about one-half as
great an improvement in performance a&s the long-chord sbtruu, which
had a solidity of 1.0. Thais result suggests than an intermediste
gtralghtening-vane solidity may be adeguate for most applications.
The solidity of the straightening vanes in the flat hood (0.335)
was apperently adequate to straighten the flow in s hocd of non-
conical form.

SUMMARY OF RESULTS

From tests of turbine-hood combinations with compressed air as
the worlzing fluld, the following results were obtained:

L. Throttling and leallage loases were reduced by the use of a
hocd having a flow area at the hood entrance equal to the bucket-
annulius ares as commared with a hood having a larger entrance area,.

2. SBtraightening vanes were necessary to avoid large losses
due to swlirl when the turbine egquipped with a conical hood was
operated with residuasl ewirl in the £luild leaving the turbine wheel.

3. Practically completo straightening of the flow was achieved
by strailghtening vares with the totsl chords equal to the turbine
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pitch-line circumference. ZLosses due to swirl were reduced, however,
Ho aboub one-half their marximum by straightening vanes with a total
chord 0.175 times the pitch-line circumference of the turbine.

4. The flat-nozzle hood, which was designed to gzulde the gas
from the round bucket=annulus section into a flat duct, imposed no
greater loss than the pest conical hood. At high Mach numbers, the
losses in a 90° bend, high-aspect-ratio, flat duct with the axis of
bending parallel to tne longer slde were very large.

5. The conventional short-tuining-radlus hood often used for a
flight hood in turbosupercharger installations gave 11l.5 percent
less power than the conical hood with long-~chord straightening vanes
and hood entrance fairing bané at a blade-to-jeu gneed raﬁio of 0.4
and. a pressure ratlo of 2,C.

Alrcraft Engine Research Leboratory,
Netional Advisory Commlttee for Aeronautics,
Cleveland, Ohino, May 27, 194€,
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APPENDIX A

EFFECT CF EFEAT ADDITION ON TOTAL PRESSURE

The malin sffect of moisture condensation on the detaile of
fiuid flow, in particulsr the effect on the pressure drop, is
caused by the release of the heat of vaporization of the condensed
water in the fluld. In the following discussion; the effects of
condensation are thersfore considered as the effect of the addition
of hsat to a moving gas stream, -

When heat is added to s stream of gas moving at & subsonic
veloclity, a pressure drop occurs in the direction of flow bscause
the velocity of the gas 1s increased. In ducts of constant cross-
gectional area, the change in static pressure is equal but opposite

in sign to the change in momentun: per umlt of area., When the amount

of hneat added is small and the initial Mach number is small enough
tlat the effect of change in static pressure on density may be
neglected, the drop in static pressure between the points 1 and 2
is given by the equation '

. w 2E2 -t 2
?1 - Dy = PI¥ -?--t——]: = oy © AL (6)
1 1
The dynemic prassure % puz inérﬁases, becanse of the higher
velocity, by the amount % plulz %E and the_decrease in ﬁhé.tétél—
= L

nressure, Hy and HZ’ is given by the equation

AL T
When heat is added to a moving gas stream, & loss of total
pregsure thus occurs., A correction for this lose in total pressure
is automatically introduced by equation (3) when the velocity
is the true veloclty as determined by a momentum-Integrating device
such a8 & thrust target. The correction is exact only for low Mach
nmmbers and only if the hood-discharge velocity is nearly equal to

the velocity in the section of the hood in which the heat addition
“occurs., . '
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The true total pressure Py + % pzuzz is lower than the total

pressure before the addition of heat. In equatlon (1), however,
the temperature used, in effect, to valculate the density pp 1s

not b, but tl‘ The apparent total pre@sure Hzc at section 2
ig therefore : : -

2
_ 1 Paup® o At 1 P2U2 (8)
Boo = P2 *Z ERE; <Py 7 AWy ]t @Ry

If the change in pressure is assumed to bave a negligible effect in
cheaging the density,

H,, =Dy +3 —mp— 7 . .. L -
R

3ot o (9)

il
2
[5e]
+
[\V]
°
[av]
=
[3V]
ck

The change in At has been assumed to be emall; ; hence, the
velocity wup 1is nearly equal to the velogity uy and ’

1 2 At - 1 2 A%

~

S Pola T N T O3V T .
2 e a tl 27171 tq

The calculated total pressure 1s therefore egual to the initial
total pressurs before the addition of heat

- 1 2 At
o = Hy +35 o1y Co Hy i (10)

The range of valldity of this approximatian wam investigated by
calculating the ratio of HZC/HI for a constant-area ivct using the

equations for coupressible flow. The ratio _H?C/Hl was Tound to he
within 1 percent of unity if the product—of

1.3
1/4/ '> %—) < 0.0885 and uy /¢/aRT; < 1. os, that is, less

than the local velocity of sound.

[T

I

i

i
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APPENDIX B

CAL.CULATION OF THE TOTAL PRESSURE OF A GAS FLOWING IN A TUBE

When the assumntion is made that the velocity, the tvemperature,
and. the static pressure of a gas flowing through a wmiform tube at
high Reynolds number are uniform, the total nressure mey be calcu-~
lated from & consideration of the continuity and energy equations
and the temperature-pressure relstion for an isentropic expansion.

These reletions are expressed by the following equations:

M o= p, Uy A, (11)
2
a .
by = Ty - —=2 e (12)
b 27, . -
7 - 158 —
Py
ol . 13
P2 gt : ( m);__“__
and
Pt : - : .
Z\7 Iz - (14)
Pz T2 ' -

The density term is eliminated by substituiing eguation (13)
in eauation (11)

pl‘, AZ )

S w, = eRt, ‘ s

and, by use of equations (12) and (15)

oy Pg fg 2y 2 .
T T

Eguation (16) may be solved directly for u,
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y AN g y Potp
- (; -1 M * v - 1 SRTZ <7 -1 M (a7

The combination of equations (12), (14), and (17) gives the relation

1 2y
(2) . E
Pz —2’}'
> -1 gRTy - ug
2y
- -1 &
P, A n 2 . P, A
o2 P2l r P2 le\ 2 oo (2 Pzt
-1 M -1 M y-1 a y=-1 M

(18)

When the radical is removed from the denominator of equation (1g),
the relation for the ratio of total pressure to static pressure
becomes P

- -
L'_l /\// 2 ‘
P, A \ o .
7 y Pz fp 2y
<E§> = (7"1 M )+7‘1;8RT2+-% (19)
2
P2 o( 7 P A2>
\» -1 M

In the case of a turbine, where work 1s abstracted at the
wheel, the total temverature of the gas after masslng throush the
whesl TZ 1s lower than the temperature of the gas in the nozzle

box Ty Dby the temperature difference correspondlng to the work
abatracted at the wheel; that is
To = Tp = i (20)

7 ,
y - 1 grM,

1l il
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Upon the substitution of equetion (20) in equation (18), the follow-

ing squation for the total pressure is obtained:
2
4 Py A5 ' P
{ ¥ 272 2y -2 =
\/\7~ M.;)+7—1EHT1 “M
2 (' y P2 Ap
7 -1 M

(2)

When equation (5) is anplied to tke conditions of the gas dis-
charged from the buckets of a turbine, the effect of any tangential
commonents of velocity is neglected In computing the static gas tem-
perature and algo in computing the total useful velocity,
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APPENDIX C

CORRECTION OF THE CALCULATED HOOD-DISCHARGE VELOCITY
FOR HUMIDITY OF THE AIR

Because of the high apparent sneclfic heat of the mixture of
air and water Just below the dew-point temperature, the temperature
drop in the hood was less vhen condensation occurred than that cal-
culated for dry air. OCalculatlon sbiows, however, that the differ-
ence between the mean density of air with a amall amount of condensed
weter and that of dry air is negligible. 'Figure 15 was therefore
prepared sghowing the enthalpy and density of dry air and the enthalpy
of alr with various absolute humidities as a functlon of the tempera-
ture for a pressure of 1 atmosphere. T

The correction of the calculatwd hood-discharge velocity R,

for effect of condensatlon was applied by calculating the dry-air
dovmetream temperature and finding the corrssponding density Pa

and enthalpy on the chart. The true discharge temperature is found
at the same enthalpy on the line corresponding to the absolute
humidity. The corrected, or wet, density p is found at this true
temperature. The corrected value of the calculated velocity u,'
i8 then glven by the equation

The use of figure 15 is shown by tbe .following exmmple:
Determine the correction to the calculated velocity when alr with
an absolute humidlty of 60 grains per pound and an initial temper-
ature of 80° F is discharged at a pressure of 1 atmoephere after
the removal of 12.5 Btu per pound of air in a turbine. The enthalpy
of the air is 19.2 Btu per pound and ite f£inal enthalpy 6.7 Btu per
pound.. The dry temperature is 28° F and the wet temperature 42° F.
The corresponding dry and wet densities are 0.081l1 and 0.0784 pound
ner cublc. foolt, resrectively. The correction factor pd/pw is
equal to 1.035, : '
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APPENDIX D s

EVALUATION OF A NOZZIE SURVEY WITH SWIRL ABOUT THE AXIS OF SYMIETRY

The thrust produced by the flow from a nozzle may be obtained
by evaluation of the integral i -

F o= j o u? aa +-/” (p - py) dA (21)
where
P local static pressurs
2, atmospheric presgsure

ug, axial component of velocity of flow from nozzle

When a survey is made of the flow from a nozzle, the total
pressure and the direction of each radial element is measured. If
the nozzle is small and the veloclty high, measurement of the static
preasure is very difficult. When axial symetry exists in the flow,
the radial variation of the static pressure may be estimated,
however, from a imowledge of the. static pressure on the wall of the
nozzle and of the weasured values of total pressure and direction of
the flow as a function of redius. A radial distribution of total
temperature must be measured or assumed.

The radial pressure gradient is given by the diffserential
egquation

where
W, tangential comvonent of velocity of flow from nozzle

The density p 1is given by the equation o

P P '
p === = (23)
GR% F{ _ry-1l.2
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vhere w, = U gin 6
and i
u abgolute velocity of fluid

¢] angle of velocity vector measured from plane through axis of
nozzle and point of survey

The Aifferential equation (22) then hecomes

P dr ¥ mp - Lol P
7
The wveloclty Uz is given by the equation
2=
2 _ .27 D\ 7
0% = 5By |1 & (25)

When the value of U? fram equation (25) is substituted in
equation (24), the following differential equation is obtained

23
AN 2
E§?=Zy‘(g) 1| sin? o (o)
P or (y - L)»

Equation (26) cannot te separated into indspendent variables
because H is a variable, known as a function of r, but it can be
solved when written as an integral equation, by a process of suc-
cessive epproximation to determine p as a function of =r:

21
2 Y
logy p = LA ! -1 sinE ) dr (27)
7_1 n r

This Integration process converges rapidly except at the center of
the nozzle where it may not converge to a .vhysically significant



WACA TN Fo. 1149 27

wressure. It is necessary to assume that the flow becomes a "solid-
body" flow near the center; thal is, the tangential velocity is pro-
porticnal to the radius. A new form of the integral equation is = _
mors convenlent for this central core, namely

u,? ar

r (gRT - Zz—;—l u.bz csc? 6)

loge » = (28)

The value of € in this central core may bte obtained with sufficilent
accuracy either by extrapolation of values of 8 measured outside
tuis core or by assuming that tan 8 equals _ut/ua, where u, is

agewmed constant. Thls assumvtion ie valid only in the region very
near r = O, The axial velocidy wu, will be negatlive near the axis

when a flow reversal occurs. e

The mess flow may be obtained from the static-pressure distri-

bution calculated with the eid of equetions (27) and (28) by the use

of the following equation:

[ / i 2L o
= = 2y n? | @7 o
M _J/] pu, M'[\ T (—5) (-5) - 1} p cos @ 2nrdr (2C)
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(a) Sketch of turbine wheel and falring post.

Figure 3., - Turbine callbration.
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(a} Sketch of hood.
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{a) Sketch of hood.

Figure 6. ~ Conical hood with wheel fairing supported by 3
inch tubes. 8
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(a) sketch of hood.

Figure 8. ~ Conical hood with flat cooling cap and short-
chord straightening vanes.
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Figure 15, — Humidity-correction curve.



